ABSTRACT: Bacterial communities on the surfaces of 2 congeneric sponges, Mycale adhaerens from Hong Kong and M. laxissima from the Bahamas, were compared using conventional cultivation techniques and terminal restriction fragment length polymorphism (TRFLP) analysis -a cultureindependent DNA fingerprinting technique. The bacterial community on the Hong Kong sponge was more diverse, in terms of the number and type of species isolated, and different from that on the Bahamas sponge, as evident from distinct clusters formed in TRFLP analysis. Distinctive bacterial types (i.e. TRFs) were commonly found on both sponge surfaces, but none of their bacterial isolates were common. At tissue level concentration, extract of the Hong Kong sponge inhibited the growth of a wide range of bacteria isolated from the Hong Kong reference surface, but did not affect any of those isolated from the Bahamas reference surface, indicating highly specific antibacterial activity. Extracts of both sponges, when incorporated into hydrogels and exposed to the natural environment for bacterial film development, dramatically altered the bacterial community in the films, either by shifting the bacterial composition or decreasing bacterial density. Settlement assays of the resulting films using larvae of the polychaete Hydroides elegans showed that the filmed hydrogels with Hong Kong sponge extracts either inhibited larval settlement or were toxic to the larvae; however, those with the Bahamas sponge extracts had no observable effect. HPLC (high performance liquid chromatography) and GC-MS (gas chromatography-mass spectrometry) analyses revealed different chemical profiles in the extracts; the Hong Kong sponge had a more diverse fatty acid profile. Our results suggest that the 2 congeneric sponges from geographically separated regions have 'speciesspecific', surface-associated bacterial communities and antifouling activities, which might be due to the differences in the chemical and fatty acid compositions of the 2 sponges. Alternately, different sponge-associated bacterial communities may reflect habitat differences in sympatric bacterial and fouling communities. 
INTRODUCTION
Marine sponges (Phylum: Porifera) are evolutionarily ancient metazoans and are well-known for their unique and diverse production metabolites showing various bioactivities (McClintock & Baker 2001 , Paul et al. 2006 . Numerous studies show potent antifeeding (Furrow et al. 2003) , allelopathic (Engel & Pawlik 2000) , antifungal (Tsukamoto et al. 1998) , antibacterial (Thakur et al. 2004) , anti-microfouling (Amsler et al. 2000) , or anti-macrofouling (Kubanek et al. 2002) activities in different species of marine sponges. There is growing evidence that some of these bioactive metabolites are of microbial origin (Kon-ya et al. 1995) , given the fact that sponges harbor a remarkable array of microorganisms, for instance, bacteria (Hentschel et al. 2001) , cyanobacteria (Thacker & Starnes 2003) , and fungi (Maldonado et al. 2005) , both internally and on their surfaces. Through evolution, sponges may have developed a symbiotic relationship with certain kinds of microbes. Therefore, study of the microbial community associated with sponges is important for understanding sponge-microbe symbiosis, as well as the bioactivity displayed by sponges.
Different sponges from different locations and sponges of the same species collected at different times or of the same genus collected at the same location may possess highly consistent associations with certain kinds of bacteria (Margot et al. 2002 , Lafi et al. 2005 . These associated bacteria may co-evolve with sponges, forming stable, specific, and, perhaps, symbiotic interrelationships with their hosts (Hentschel et al. 2002) . In contrast, 2 congeneric sponges Callyspongia spp. from different biogeographic regions have different bacterial associates . Therefore, it remains far from conclusive whether differences in sponge-associated bacterial communities can hold for other congeneric sponges from geographically separated locations a fact which could provide useful information on the co-evolution of bacteria and sponges.
Similar to the sponge-microbe association, bioactive compounds isolated from sponges may have evolved together with the associated microbes or in response to sympatric predators, competitors, or fouling organisms (McClintock & Baker 1997) . Therefore, it is of great scientific interest to know if congeneric sponges from different locations produce similar metabolites or show similar bioactivity. In fact, there have been several studies attempting to answer this question, but their findings varied substantially. For instance, McClintock & Baker (1997) pointed out that the Antarctic congeners of Haliclona produced different types of secondary metabolites when compared with their tropical counterparts; in contrast, the Antarctic Latrunculia and Dendrilla produced similar chemicals in temperate and tropical congeners. Although Becerro et al. (2003) has recently suggested that chemical defenses against predators in tropical and temperate congeneric sponges are equally strong, there has been no study that compares the antifouling activity in congeneric sponges from tropical and sub-tropical regions.
The unique ability of sponges to adapt to any ecosystem can be due to the structural features of their membranes (Rod'kina 2005) . The main components of sponge membranes, phospholipids, consist of unusual, long-chained fatty acids (Ando et al. 1998 ). Many unusual fatty acids isolated from sponges have potent cytotoxic (Tachibana et al. 1981) , antimicrobial (Carballeira et al. 2002) , and antifungal (Fusetani et al. 1993) activities. In addition, some branched fatty acids, particularly those with iso, anteiso, cyclopropyl, and monomethyl groups, are suggested to be of bacterial origin and specific to particular bacteria; because of this, they can be used as biological markers for bacterial associates in sponges (Gillian et al. 1988 ). Therefore, the study of fatty acid profiles in sponges may help understand the bacterial association, as well as the bioactivity, of sponges. However, the relationships of these 3 aspects in congeneric sponges have not been examined so far.
In the present study, we compared: (1) the surfaceassociated bacterial communities of the 2 congeneric sponges using a DNA fingerprinting technique, (2) the antifouling activity of the crude sponge extracts in 2 assays (inhibition of bacterial growth and attachment and inhibition of larval settlement of a major fouling polychaete Hydroides elegans in Hong Kong waters), and (3) the chemical and fatty acid compositions of the crude sponge extracts. We selected Mycale adhaerens from Hong Kong in the sub-tropical area and M. laxissima from the Bahamas in the tropical area for comparison. The genus Mycale was established in 1867 (Gray 1867) , and there are > 250 species in this genus at the time of writing. M. adhaerens Lambe was firstly discovered on the Pacific Coast of Canada and in the Bering Sea (Lambe 1893) , can now be found in the San Juan Archipelago, Sea of Japan, and Greenland Sea, and is frequently associated with scallops. The surfaceassociated bacterial community and antifouling activity of this sponge have been recently studied by Qian's research group (Lee & Qian 2003 , Lee et al. 2006 , and its cytotoxic activity has been documented by Fusetani et al. (1991) . On the other hand, M. laxissima Duhassaing & Michelotti are found in the Caribbean Sea (Duhassaing & Michelotti 1864) and along the Brazilian coastline; it is usually associated with hydrozoa and seaweed. So far, there have only been 2 studies on the cytotoxic and neurotoxic activities displayed by this sponge (Rangel et al. 2001 , Freitas et al. 2003 , but antifouling activity was not studied or compared. , were swabbed with sterile cotton tips to collect epibiotic bacteria; 4 of them were individually suspended in 1 ml of AFSW in 1.5 ml Eppendorf tubes for the isolation of epibiotic bacteria, while the other 4 were individually frozen in 0.8 ml of extraction buffer (100 mM of Tris-HCl, 100 mM of Na 2 -EDTA, 100 mM of Na 2 HPO 4 , 1.5 M of NaCl, 1% of CTAB; at pH 8) for DNA fingerprinting analysis of bacterial communities. Reference bacterial communities were collected analogously from the surfaces of a polystyrene Petri dish (Falcon No. 1006) deployed in the close vicinity of the sponges for 7 d. For the chemical extraction of sponge tissue, colonies of approximately 550 ml of M. adhaerens and 440 ml of M. laxissima (determined by water displacement) were sealed in sterile plastic bags and transported back to the laboratory.
MATERIALS AND METHODS

Collection
Isolation and identification of epibiotic bacteria. Isolation and identification of bacteria from the sponge and reference surfaces followed Lee & Qian (2003) . Briefly, bacterial suspensions, after diluting with AFSW to 10-and 100-fold, were spread on nutrient agar (0.3% yeast extract, 0.5% peptone, 1.5% agar in AFSW) and incubated at 28°C under a 15 h light:9 h dark photoperiod for 48 h. After incubation, morphologically distinct colonies were isolated and identified by comparative analysis of 16S rRNA gene sequences. The primers used were 355F and 1055R, and the PCR (polymerase chain reaction) conditions were the same as described in Lee & Qian (2003) . Sequences from individual primers were assembled using the Sequencher software package (Gene Codes), and the assembled nucleotide sequences were compared with those deposited in GenBank (www.ncbi.nlm.nih.gov) to obtain the closest match.
DNA fingerprinting analysis of bacterial communities. The extraction and purification of total bacterial DNA from the samples followed the SDS (sodium dodecyl sulfate)-based method described in Liu et al. (1997) . For the analysis of bacterial communities by terminal restriction fragment length polymorphism (TRFLP) analysis, the 16S rRNA genes in DNA extracts were amplified by PCR using the primers 341F and 926R-Fam, following the conditions stated in Lee & Qian (2004) . PCR products were cleaved with 10 U of the restriction enzyme MspI at 37°C for 6 h, followed by purification with the Wizard ® PCR preps DNA purification system (Promega) according to the manufacturer's protocol. Then, 10 µl of purified products mixed with 0.5 µl of internal size standard (ET-550R, Amersham) was denatured at 95°C for 2 min, snap cooled on ice, and analyzed by electrophoresis on a MegaBACE genetic analyzer (Amersham) operated in the genotyping mode. After electrophoresis, the size of the fluorescently labeled terminal restriction fragments (TRFs) was determined by comparison with the internal standard using the software Fragment Profiler (Amersham).
Extraction of sponge tissue. Sponge tissues for chemical extraction were blot dried, cut into small pieces, and extracted twice in equal volumes of a 1:1 mixture of methanol/chloroform (MeOH/CHCl 3 ) for 12 h each, with gentle agitation. After extraction, sponge tissue was removed from the solvents by centrifugation. Then, the organic extract was separated into 2 layers (MeOH and CHCl 3 ) in a separation funnel, and each layer was dried by rotary evaporation. The dry MeOH and CHCl 3 extracts were re-dissolved in one-tenth volume of the original sponge tissue of autoclaved double-distilled water (ddH 2 O) and CHCl 3 , respectively, generating extracts at 10 × tissue-level concentration (TLC). TLC is measured on a volumetric basis assuming that compounds extracted from a specimen are homogenous distributed over the whole tissue volume. Without knowing the actual distribution of compounds in tissues, TLC is more relevant and acceptable measurement in ecological studies. In total, 14.3 and 10.4 g (dry weight) of MeOH extracts and 10.1 and 4.6 g of CHCl 3 extracts were obtained from 550 ml of Mycale adhaerens and 440 ml of M. laxissima, respectively.
Disc-diffusion assays. Antibacterial growth activity of the sponge tissue extracts were assessed using discdiffusion assays. Bacterial isolates from the reference surfaces were grown to the stationary phase in nutrient broth. Then, 200 µl volumes of these cultures were individually spread on nutrient agars. The sponge tissue extracts were diluted to 1 × TLC with corresponding solvents. Sterile paper discs (6.5 mm diameter, Whatman No. 1), each loaded with 20 µl of the extracts (equivalent to the volume of a paper disc) were subsequently placed onto the inoculated agar, with replications (n = 2). Pure solvents and streptomycin (50 µg disc -1 ) served as controls. After 24 h of incubation at 28°C, the width of the growth inhibition zone measured from the edge of the paper disc to the unaffected bacterial lawn was recorded.
Phytagel assays. Antibacterial attachment activity of sponge tissue extracts were assessed using phytagel assays as described in Harder et al. (2004) with slight modifications. Briefly, 3 ml of aliquots of MeOH or CHCl 3 extract at 20 × TLC was transferred to individual 50 ml sterile polypropylene tubes (Falcon 2096), each of which contained 27 ml of 4% (w/v) hydrogel (Phytagel, Sigma Chemical) solution prepared in hot ddH 2 O (ca. 70°C). After cooling to room temperature to yield transparent gel cylinders containing extracts at a final concentration of 2 × TLC and keeping overnight at 4°C, the gel cylinders were sliced into 5 mm thick gel discs (volume of each disc is approximately 2.5 ml) using sterile razor blades. Crude extract at a final extract concentration of 2× TLC was used, in considering the diffusion rate of compounds from the gel discs, to ensure compounds are present throughout the assays. Positive control gel discs were prepared accordingly using a concentrated antibiotic solution, which yielded a final concentration of 219 mg l -1 penicillin + 365 mg l -1 streptomycin in the gel cylinder, and negative control gel discs were made with pure ddH 2 O or CHCl 3 accordingly. Twenty replicates were prepared for each treatment.
Gel discs were pierced with fishing line and anchored 2 m below the water surface at the pier of the Hong Kong University of Science and Technology. After 72 h exposure to natural flowing seawater, the gel discs were retrieved and rinsed with AFSW; 12 of which (4 replicates) were subject to extraction of bacterial community DNA and TRFLP analysis as mentioned above, 5 were directly used for larval settlement bioassays as follows, and the remaining 3 were fixed with 4% formaldehyde, stained with DNA-binding fluorochrome 4, 6-diamidino-2-phenylindole (DAPI) at a concentration of 0.5 µg ml -1 for 10 min, and visualized at 1000 × magnification in 10 randomly chosen fields of view under an epifluorescent microscope to determine the bacterial cell density.
Larval settlement bioassays. Larvae of Hydroides elegans were obtained and raised according to Lee & Qian (2003) . Five gel discs directly retrieved from the field (i.e. coated with natural biofilms) were placed in polystyrene Petri dishes (Falcon No. 1006 ) and covered with 7 ml of AFSW. To investigate the effect of biofilms on larval settlement, 20 competent larvae were added to each Petri dish that contained a biofilm-coated gel discs. After 24 h of incubation at 24°C on a 15 h light: 9 h dark photoperiod, the percentage of larvae that had undergone settlement was determined by counting the number of individuals that had adhered to the gel surface and produce calcified tubes and tentacles. Additionally, percent survivorship in each treatment was scored as the sum of settled and free-swimming larvae. Bioassays to investigate the potential larval settlement inhibition of sponge extracts in gel discs followed the same procedures, except that gel discs with prior exposure to seawater but with the biofilms being removed using cotton tips for TRFLP analysis were placed in individual wells and that each well received 20 larvae that had been exposed to 10 -4 M IBMX (3-isobutyl-1-methylxanthine) 30 min prior to the bioassays. IBMX is a pharmacological compound that can effectively induce larval settlement of H. elegans.
Determination of chemical profile and fatty acid composition of sponge extracts. Crude MeOH and CHCl 3 extracts of Mycale adhaerens and M. laxissima at 20 × TLC were analyzed using the reverse phase HPLC (Lichrospher 100 RP C18 EC 5, 250 × 4 mm i.d.; gradient 5% aqueous CH 3 CN to 85% CH 3 CN) at a flow rate of 1 ml min -1 . Crude CHCl 3 extracts of the 2 sponges at 1× TLC and methyl esters of fatty acids (MEFAs) of total lipids in the extracts were analyzed using coupled gas chromatography-mass spectrometry (GC-MS). Total lipids were obtained by dissolving the extracts in CHCl 3 : CH 3 OH:ddH 2 O (1:1:0.9). After phase separation at 4°C, the organic phase was collected and evaporated to dryness in vacuo. Fatty acids in the crude lipid samples (5 mg) were transmethylated according to Carreau & Dubacq (1978) and then dissolved in 0.5 ml of ddH 2 O. MEFAs were extracted with 2 ml of hexane 3 times, and the organic phase was combined and evaporated to dryness in vacuo. MEFAs were purified by thin layer chromatography using benzene as solvent and analyzed by GC-MS. GC was performed on relatively nonpolar capillary columns (CP-Sil 8 CB-MS, 30 m length, 0.25 µm film thickness, 0.25 mm i.d.; Varian 3800). For the crude extracts, temperature gradients used were initially from 65 to 120°C at 10°C min -1 and then 120 to 310°C at 12°C min -1 , with subsequent constant temperature at 310°C for 10 min. For MEFAs of the 2 extracts, temperature gradients used were initially from 180 to 220°C at 3°C min -1 and then 220 to 260°C at 2°C min Statistical analysis. For TRFLP analysis, TRFs that were < 50 fluorescence units in intensity, < 35 bp in size, or > 500 bp in size were excluded from statistical analysis, in order to screen off background noise, to avoid pseudo-TRFs derived from primers, and to avoid inaccurate size determination, respectively. TRFLP profiles were analyzed using multivariate techniques. The Bray-Curtis coefficient was calculated based on the total number of TRFs in all samples and the presence or absence of these TRFs in individual samples to produce similarity matrices. Due to differential amplification of DNA during PCR, the signal intensity of TRFs may not be an accurate reflection of the actual abundance of the corresponding bacterial types and, thus, was not considered in the analysis. Similarity matrices were utilized for agglomerative hierarchical clustering, using the PRIMER program (Plymouth Routines In Multivariate Ecological Research; Clarke & Warwick 1994) to create dendrograms showing the similarity among samples. For the larval settlement bioassays, data in the form of percentages of larval survivorship and settlement were arcsine-transformed before statis-tical analysis. Normality of data was checked with Shapiro-Wilk's test, and homogeneity of variance within samples was analyzed by Cochran's test. Data that met the assumptions of parametric tests were analyzed using Student's t-test, while data that did not meet the assumptions of parametric analysis were analyzed by Mann-Whitney U-test.
RESULTS
Isolation and identification of epibiotic bacteria
Altogether 20 and 11 morphologically distinct bacteria were isolated from the surfaces of Mycale adhaerens and M. laxissima, respectively (these bacteria are referred to as 'HK sponge isolates' and 'Bahamas sponge isolates', respectively, hereafter). Comparative sequence analysis of the 16S rRNA gene revealed that 11 HK sponge isolates belonged to the γ-subdivision of Proteobacteria, 3 to the α-subdivision of Proteobacteria, 5 to the division of Grampositive, and 1 to the Cytophaga-Flexibacter-Bacteroidetes division (Table 1 , present study; Lee & Qian 2003) . Of the 11 Bahamas sponge isolates, 4 belonged to the γ-subdivision of Proteobacteria, 5 to the α-subdivision of Proteobacteria, and 2 to the division of Gram-positive (Table 1) . On the other hand, 36 and 24 bacteria were isolated from the reference surfaces (i.e. polystyrene Petri dish deployed in the close vicinity of the sponges for 7 d) in Hong Kong and the Bahamas, respectively (referred to as 'HK reference isolate' and 'Bahamas reference isolate' hereafter). Among the 36 HK reference isolates, 24 belonged to the γ-subdivision of Proteobacteria, 2 to the α-subdivision of Proteobacteria, 8 to the division of Grampositive, and 2 to the CytophagaFlexibacter-Bacteroidetes division (Table 2 , present study; Lee & Qian 2003) . The Bahamas reference isolates could also be affiliated with the γ-subdivision of Proteobacteria (15 isolates), the α-subdivision of Proteobacteria (3 isolates), the division of Gram-positive (3 isolates), and the Cytophaga-Flexibacter-Bacteroidetes division (3 isolates). Results indicated that no bacterium was found in common on surfaces of either the sponge or reference isolates. The culturable bacterial community on the surface of M. adhaerens was more diverse than that on M. laxissima, but less diverse than that on the reference surfaces from either location in terms of the total number of isolates and the number of genera affiliated. 
TRFLP analysis of bacterial communities
Bacterial communities from different types of surfaces (sponge and reference) displayed distinctive TRFs (Table 3) . For instance, TRFs of 179, 310, 315, and 373 bp were observed on 1 type of surface only: Mycale laxissima, M. adhaerens, the Hong Kong reference, and the Bahamas reference, respectively. A TRF of 247 bp was found exclusively on the sponge surfaces from 2 geographically separated locations, but not on either of the reference surfaces, while TRFs of 248 and 302 bp were found on both of the sponge surfaces regardless of their presence on the reference surfaces (Table 3) . On the other hand, TRFs of 182, 300, and 314 bp were observed exclusively on the reference surfaces from the 2 locations, but not on any of the sponge surfaces. The number of discernible TRFs derived from each of the sponge-and reference-surface bacterial communities ranged from 8 to 16, with those from the Bahamas reference surfaces displaying the highest number of TRFs, while those from the sponge surfaces at the same location showed the lowest. Cluster analysis of TRF patterns indicated that replicated samples from each type of surfaces formed distinct clusters with > 60% similarity among replicates (Fig. 1) . Samples from the surfaces of M. adhaerens and M. laxissima formed another cluster, which was distantly related to the cluster formed by the samples from the reference surfaces at the 2 locations (similarity ~15%; Fig. 1 ).
Antibacterial growth activity of extracts from Mycale spp.
All HK reference isolates, except 2 (009 and 011), and all Bahamas reference isolates, except 3 (479, 484, 491), were susceptible to the streptomycin control (50 µg disc -1 ) ( Kong, but none was affected by the MeOH extract of the sponge from the same location (Table 4) . Similarly, no Bahamas reference isolate was susceptible to the MeOH extract of M. laxissima from the Bahamas, but weak inhibition by the CHCl 3 extract of the sponge on the growth of 1 isolate from the same location was observed. When sponge extracts from one location were tested against the reference bacteria isolated from the other location, different levels of antibacterial growth activity were observed; MeOH and CHCl 3 extracts of M. laxissima inhibited the growth of 7 (i.e. 19.4%) and 5 (i.e. 13.9%) of the HK reference isolates, respectively, while extracts from M. adhaerens did not affect the growth of any Bahamas reference isolates. When extracts from different sponges were tested against the growth of bacteria isolated from the sponge surfaces, only 1 epibiotic bacterium from M. adhaerens was susceptible (Table 4) .
Antibacterial attachment activity of extracts from
Mycale spp.
After 72 h of exposure to flow-through seawater in the natural environment, bacterial densities on the surfaces of hydrogels prepared with ddH 2 O alone and control hydrogels treated with CHCl 3 alone were~1 , which was significantly higher than in the ddH 2 O and CHCl 3 controls (Mann-Whitney U-test; p = 0).
Bacterial communities on the ddH 2 O and CHCl 3 controls were highly similar, as indicated by the occurrence of 18 TRFs in common (Table 5) and > 60% similarity in the cluster analysis (Fig. 3) , whereas those on the antibiotic control were substantially different from the ddH 2 O and CHCl 3 controls in terms of the length and average number of TRFs. Bacterial communities on the hydrogels incorporated with different extracts of Mycale adhaerens and M. laxissima generally displayed high dissimilarity among themselves, as well as compared to controls (Fig. 3, Table 5 ). Four TRFs (91, 129, 182, and 314 bp) were excluded from the bacterial communities developed on all different kinds of extract-incorporated hydrogels when compared with the ddH 2 O and CHCl 3 controls, while some TRFs (e.g. 368, 370, and 422 bp) were absent from the bacterial communities developed on certain kinds of extract-incorporated hydrogels (Table 5) . Several other TRFs (e.g. 42, 81, 127, and 301 bp) were found exclusively on the extract-incorporated hydrogels, but not on any of the ddH 2 O and CHCl 3 controls (Table 5 ). Cluster analysis also indicated that the bacterial communities that developed on all different kinds of extract-containing hydrogels and on the antibiotic control differed substantially from those on the ddH 2 O and CHCl 3 controls (Fig. 3) . Bacterial communities on the hydrogels incorporated with extracts of M. adhaerens formed a cluster, which was distantly related to the cluster formed by the antibiotic control and the CHCl 3 extract of M. laxissima. Antilarval settlement activity of extracts from Mycale spp.
After 24 h of exposure to the filmed hydrogels, 100% survivorship was recorded for larvae of Hydroides elegans that were exposed to all different kinds of hydrogels, except those incorporated with the CHCl 3 extract of Mycale adhaerens, which caused > 50% reduction in percent survivorship.
Larval settlement on the filmed hydrogels incorporated with MeOH and CHCl 3 extracts of Mycale laxissima were ~80%, which was not significantly different from those on the filmed hydrogels of the ddH 2 O and CHCl 3 controls (Mann-Whitney U-test; p > 0.31; Fig. 2b ). Percent larval settlement on the antibiotic control and on the filmed hydrogels treated with MeOH and CHCl 3 extracts of M. adhaerens ranged from 34 to 53%, which was significantly lower than that on the ddH 2 O and CHCl 3 controls (Mann-Whitney U-test; p = 0.08). Larval settlement on the hydrogels that had their biofilms removed was not significantly different across all treatments (data not shown). (36) isolates (24) isolates (20) isolates ( (Fig. 4) .
At 1× TLC, the total intensity of peaks revealed by GC-MS in the crude CHCl 3 extract of Mycale laxissima was higher than that of M. adhaerens (Fig. 5) . The 2 extracts shared 48 peaks in common, while 20 and 29 unique peaks were only observed in the extracts of M. adhaerens and M. laxissima, respectively (Fig. 5 , Table 6 ). For example, peaks with retention times of 11. 44, 16.34, 17.94, and 21 .06 min and identified as 2-hydroxy-4-hydroxylaminopyrimidine, methyl palmitate, methyl octadecanoate, and 3-methoxy-5a-morpholin-4-yl-5a, 6, 7, 8, 9, 9a-hexahydrodibenzofuran-2-ol, respectively, were found in the extracts of both sponges. On the other hand, peaks with retention times of 14.23 and 16.18 min and identified as 1-dodecanol, 3, 7,11-trimethyl and 11-hexadecenoic acid, methyl ester, respectively, were only present in the extract of M. adhaerens. Similarly, peaks with retention times of 17.19, 17.48, and 18 .25 min and identified as cyclopropanebutanoic acid, heptadecanoic acid, and octadecanoic acid, 2-hydroxy-1, 3-propanediyl ester were only observed in the extract of M. laxissima.
Using GC-MS, 41 and 30 fatty acids were detected in the CHCl 3 extracts of Mycale adhaerens and M. laxissima, respectively ( Table 7 ). The most dominant fatty acid for both extracts was identified as 5, 9-hexacosadienoic acid, which constituted 35.68 and 25.26% of the total fatty acids in M. adhaerens and M. laxissima, respectively. Although GC-MS also revealed a number of fatty acids in common for both extracts, their fatty acid profiles differed in terms of the type and relative abundance of fatty acids detected. The dominant fatty acids in the extract of M. adhaerens were long, straight-chain, unsaturated fatty acids, including 5, 8,11,14,17-eicosapentaenoic acid, 5, 9-hexacosadienoic acid, 9,19-hexacosadienoic acid, and 19-hexacosenoic acid (together representing 51.89% of the total fatty acids), while those in the extract of M. laxissima were straight-chained, saturated fatty acids, including hexadecanoic acid and octadecanoic acid, and the long, straight-chained, unsaturated fatty acid 5, 9-hexacosadienoic acid (together comprising 50.36% of the total) ( Table 7) . Some fatty acids were detected in 1 of the sponge extracts only. For example, 4, 7, 10, 13, 16, 19 -docosahexaenoic acid and 9,10-methylene-octadecanoic acid were only found in the extracts of M. adhaerens and M. laxissima, respectively. For both extracts, branched fatty acids constituted only <10% of the total.
DISCUSSION
Our study demonstrated that geographically separated congeneric sponges have different surfaceassociated bacterial communities and chemical and fatty acid profiles, and their extracts show different antifouling activities. In this study, we first compared the bacterial communities on the surfaces of 2 congeneric sponges, Mycale adhaerens and M. laxissima, from 2 geographically separated regions, Hong Kong and the Bahamas, respectively, using both culturedependent and -independent techniques. Despite the generally high variability of the bacterial communities associated with Mycale within one particular species (Table 2 in Crude extracts were obtained by combining extracts from >1 sponge for each species. 'ddH 2 O', 'CHCl 3 ' and 'A' represent the 3 controls: hydrogels made with ddH 2 O, hydrogels incorporated with CHCl 3 solvent, and hydrogels incorporated with antibiotics, respectively. Hydrogels had been exposed to flow-through seawater in the natural environment for 72 h. Data for bacterial density are mean values (+ SD) of triplicate measurements, with pseudo-replication (n = 10) in each replicate, while data for percent larval settlement are expressed as mean (+ SD for 5 replicates) percent of total number of larvae added to each treatment present study), the sponge-associated bacterial communities were distantly related to the bacterial communities associated with the reference surfaces at their corresponding locations. Since the sponge surfaces are not 'uniform' and may consist of different micro-habitats with slightly different physical or chemical characteristics, the intraspecific variations may be attributed to the texture and topography of the sponge surfaces (Dexter et al. 1975) , as well as the production of bioactive metabolites from the sponges and/ or sponge-associated microorganisms (Engel & Pawlik 2000) . Sponge metabolites may recruit specific bacteria as indicated by the unique TRFs (Table 3) , which benefit the sponges indirectly, or may defend the sponges against the colonization of harmful bacteria directly. The latter was supported by the antibacterial growth (Table 4) and antibacterial attachment activities (Figs. 2 & 3, Table 5 ) of the sponge extracts.
Using the traditional isolation procedure, more bacteria were isolated from the Hong Kong sponge than from the Bahamas sponge, and identification of these isolates by 16S rRNA gene sequencing revealed no bacterium in common on either surface (Table 1) . It should be kept in mind that only a small proportion (<1%) of bacteria living in natural habitats is culturable using existing techniques (Hentschel et al. 2003) . A comparison of bacterial communities based on the cultivation method can only reveal the culturable part of a community under the same selection pressure (i.e. culture conditions). Therefore, a cultureindependent technique, TRFLP analysis, which can reflect a whole bacterial population, was also employed for the comparison. Using TRFLP analysis, the bacterial community on the Hong Kong sponge derived more ribotypes (Table 3) and was found to differ substantially from that on the Bahamas sponge (<20% similarity; Fig. 1 ). This observation contradicted the findings from previous studies suggesting that bacterial communities in sponges from different seas were similar (Hentschel et al. 2002 (Hentschel et al. , 2003 , but concurred with our comparison based on the cultivation method in this study and with the findings from our laboratory on other congeneric sponge species, including Callyspongia and Halichondria spp. (authors' unpubl. data). Taylor et al. (2005) the bacterial communities associated with the sponge Cymbastela concentrica from temperate and tropical regions were different, while bacterial communities in close proximity were more similar. These discrepancies are likely due to the methods used, which target different taxonomic levels. Using TRFLP analysis, a lower taxonomic level, down to ribotypes, is revealed, while, in other studies, the comparisons are at family, class, or even phylum levels. Bacterial communities on congeneric sponges that are geographically distant may show more differences than those on sponges in close vicinity. This could be due to the simple fact that the environmental factors (e.g. temperature, nutrient content, water flow, etc.) in geographically distant areas are often different, leading to different indigenous bacterial communities in the water column that eventually colonize sponges. Although bacterioplankton differ among different oceans (Hewson et al. 2006) , the effects -in respective locations -of bacterial community differences in the water column on sponge-surface bacterial communities remain unknown. Further studies using clone libraries may help identify the types of bacteria that are specifically associated with different congeneric sponges.
Sponges show heterogeneity in the distribution of different types of associated microbes and metabolites among their tissues. For instance, photosynthetically active microbes such as cyanobacteria and eukaryotic algae are generally found in the outer layer or light-exposed part of sponges, while heterotrophic and autotrophic microbes populate the inner core or the mesophyl matrix of sponges (Hentschel et al. 2003) . Kubanek et al. (2002) also demonstrated that different layers of sponges contained different types and amounts of bioactive metabolites. It would be interesting to study the degree of variability in chemical profiles and antifouling activities within intraspecific sponges. However, in our study, with the aim of comparing the chemical profiles and antifouling activities of congeneric species, several 6, 7, 8, 9, Cholesteryl benzoate 29 8, 4, 10, 13, 3, 4, 5, 6, 7, 10, 11, 12, 13, 14, 15, 16, Indoxazen 5.beta.) 26 23.27 8, Pagicerine 39 colonies from each species were combined, extracted, and analyzed in order to minimize bias introduced based on the comparisons of 1 sponge colony from each species.
The crude extracts from the 2 sponges were tested for antibacterial activity against bacterial isolates from the reference and sponge surfaces. Disc diffusion assays revealed that the CHCl 3 extract from the Hong Kong sponge inhibited the growth of half of the bacteria isolated from the reference surface from Hong Kong, but not any of those isolated from the Bahamas reference surface (Table 4) . Similarly, Newbold et al. (1999) demonstrated that different sponges from the Caribbean produced different antibacterial compounds that targeted different bacterial strains. Kelman et al. (2001) also reported that extracts from sponges only affected the growth of indigenous bacteria isolated from the water column, but not the growth of spongeassociated bacteria. Besides, the extracts were embedded in phytagels at TLC and tested for anti-bacterial attachment activity. It should be noted that this concentration may not exactly be the concentration that naturally occurred in the sponge tissues, since the distribution of compounds in the sponges was unknown in the present study. However, assuming that compounds are distributed evenly throughout the tissue volume, it is likely an ecologically meaningful concentration, and is a widely accepted measurement for ecological studies (Jensen et al. 1996) . In the phytagel assays, certain bacterial types, as indicated by specific TRFs, were excluded from the surfaces of hydrogels containing extracts of different sponges (Table 5 ). All of the sponge extracts altered the bacterial communities on hydrogel surfaces to certain extents (Fig. 3) . These results indicate that the 2 congeneric Mycale spp. possess anti-microfouling activity, which functions by inhibiting bacterial growth or attachment. The activity is specific to ecologically relevant bacteria, which may explain the differences in bacterial communities associated with the surfaces of the 2 sponges. Larvae of an important fouling polychaete Hydroides elegans in Hong Kong waters responded differently to the hydrogels containing extracts of different sponges (Fig. 2b) . This polychaete exists in the same habitat as 37 7, 10, 13, 7, 10, 13, 16) 4, 7, 10, 13, 16, 7, 10, 13, 16, 19) Mycale adhaerens, but fouling by this species has not been observed on the sponge surface. An indirect chemical defense mechanism against larval settlement, via modulating the surface bacterial community of the sponge, was thus proposed. To test this hypothesis, the filmed hydrogels were subsequently exposed to the larvae. Hydrogels with bacterial films altered by the CHCl 3 and MeOH extracts from Hong Kong sponge, not only killed the larvae, but also inhibited larval settlement, while those with bacterial films altered by extracts from the Bahamas sponge did not. The anti-larval settlement effect of the Hong Kong sponge extracts may be attributed to the extracts themselves or to the bacterial films altered by these extracts. However, the former is unlikely because none of the larvae were killed, nor was larval settlement inhibited when the bacterial films on the hydrogels were removed (data not shown). In fact, larvae of H. elegans respond differently to different mono-species bacterial films (Lee & Qian 2003) and were sensitive to the bacterial species composition and the bacterial density of the films (Huang & Hadfield 2003) . Therefore, the extracts from the Hong Kong sponge likely alter the bacterial communities by changing bacterial species composition and/or bacterial density on hydrogel surfaces, which, in turn, controls larval settlement of H. elegans; an indirect defense mechanism against fouling by H. elegans is thus proposed. Again, these results support our assertion that the bioactivity of sponge extracts is species specific. It would be equally interesting if a major fouling organism in the Bahamas could also be included in the bioassays, which could provide a more comprehensive assessment of the antifouling activity of extracts against ecologically relevant organisms.
In order to correlate the observed differences in surface bacterial communities and antifouling activities to the chemical compositions of the 2 congeneric sponges, the sponge tissue extracts were subjected to HPLC and GC-MS analyses. Our results indicate that the chemical compositions of the crude extracts from the 2 sponges differ, evidenced by different peak patterns in HPLC and GC-MS chromatograms (Figs. 4 & 5, Table 6 ). In addition, fatty acid profiles for the extracts of the 2 Mycale sponges differed and the Hong Kong sponge had a more diverse fatty acid composition (Table 7) . The dominant fatty acid for both sponges was 5, 9-hexacosadienoic acid, which is a major fatty acid in Demospongia (Ando et al. 1998) . Surprisingly, there has been no report on bioactivity of this fatty acid. Other monosaturated fatty acids, including 7-hexadecenoic acid, 7-octadecenoic acid, and 9-octadeceonic acid, were found in both sponges. As these fatty acids are typical fatty acids of cyanobacteria, fungi, and microalgae (Harwood & Russell 1984) , they are possibly of microbial origin in both sponges. Some fatty acids, for instance, the polyunsaturated fatty acids 5, 8,11,14,17-eicosapentaenoic acid, 4, 7,10,13,16,19-docosahexaenoic acid, and 4, 7,10,13,16 -docosapentaenoic acid and the branched fatty acids 3-methoxy-heptadecanoic acid, 17-methyloctadecanoic acid, 13-methyl-eicosanoic, and 3-methoxy-docosadienoic acid, were found or were highly abundant only in the Hong Kong sponge (Table 7) . The long-chained polysaturated fatty acids and the branched fatty acids are characteristic of microalgae and bacteria, respectively (Harwood & Russell 1984) , suggesting possible involvement of associated microbes of the Hong Kong sponge in the production of these fatty acids. The polyunsaturated fatty acids 5, 8,11,14,17-eicosapentaenoic acid and 4, 7,10,13,-16,19 -docosahexaenoic acid were reported to be toxic to an anostracan grazer (Jüttner 2001) and to ameliorate murine acute renal failure (Kielar et al. 2003) , respectively, but unfortunately there has been no reference in the literature to the other specific polysaturated and branched fatty acids. On the other hand, the Bahamas sponge had a higher proportion of saturated fatty acids (35.7 vs. 16.7%), dominated by hexadecanoic acid and octadecanoic acid, but a much lower proportion of unsaturated fatty acids (48.4 vs. 77.2%) than the Hong Kong sponge (Table 7) . In addition, a cyclic fatty acid, 9,10-methylene-octadecanoic acid, was detected only in the Bahamas sponge. Again, we know relatively little about the bioactivity of these fatty acids. At present, there is only 1 study that has reported on the fatty acids isolated from a Mycale sp. (Carballeira et al. 1992) , but bioactivity of the fatty acids was not measured.
The present study has demonstrated that the bacterial communities on the surfaces of 2 congeneric Mycale sponges, one from Hong Kong and the other from the Bahamas, differed substantially, and the 2 sponges showed different bioactivities in inhibiting bacterial colonization and the larval settlement of Hydroides elegans. These differences may simply be due to the geographical separation of the 2 sponges. However, the differences in the production of bioactive metabolites, particularly the fatty acid composition, as shown by different chemical compositions of the crude extracts of the 2 sponges, may also contribute to the differences in the surface bacterial communities. In reverse, the differences in the surface bacterial communities may result in the differences in chemical compositions, since different associated bacteria would produce different metabolites or fatty acids with different functions, resulting in different sponge bioactivities. Our results also suggest the possible involvement of associated microbes in the production of fatty acids in sponges; therefore, isolation of associated microbes and analysis of their fatty acid profiles might help verify this hypothesis. Furthermore, future investigations involving the isolation and testing of purified active compounds and fatty acids from these sponges may help us understand the complex interactions between bioactive compound production, surface bacterial community structure, and the antifouling activity of sponges.
